Introduction
============

Receptor activator of nuclear factor-κB ligand (RANKL)[^2^](#FN3){ref-type="fn"} is a member of the tumor necrosis factor (TNF) superfamily that binds to its receptor RANK, which is expressed on osteoclasts and their progenitors ([@B1], [@B2]). The interaction of RANK with RANKL is required for osteoclast formation, differentiation, activation, and survival ([@B3], [@B4]). Osteoprotegerin (OPG) is a natural decoy receptor for RANKL ([@B5]--[@B7]). Bone resorption is mediated by RANKL-RANK signaling, and excessive osteoclastic bone resorption plays a central role in the pathogenesis of age-related bone loss and microstructural deterioration, leading to fragility fractures ([@B8]--[@B10]).

In addition to regulation of bone homeostasis, RANKL also plays an important role in the immune system, cancer metastasis, and differentiation of mammary gland stem cells ([@B11]--[@B17]). These studies suggest that RANKL may have further unknown functions *in vivo*. To investigate these possible functions, OPG and soluble RANK (sRANK) have been used in previous studies ([@B4]--[@B7], [@B18]--[@B20]). However, pharmacokinetic studies have shown that these recombinant proteins are not maintained in serum for a long period, which makes it necessary to inject the proteins into animals frequently, *e.g.* every day to inhibit RANKL *in vivo*. OPG also binds to the TNF-related apoptosis-inducing ligand (TRAIL) and inhibits TRAIL functions ([@B21], [@B22]), although the affinity of sRANK for soluble RANKL (sRANKL) is lower than that of OPG ([@B3], [@B4], [@B23]). Therefore, OPG and sRANK may not be suitable for specific inhibition of RANKL *in vivo*.

Denosumab, a fully human anti-RANKL-neutralizing monoclonal antibody (Mab), has recently been approved in Europe and the United States for treatment of osteoporosis and in the United States for prevention of skeletal related events in patients with bone metastases from solid tumors. Because denosumab is not cross-reactive with rodent RANKL, its evaluation in preclinical studies was performed in cynomolgus monkeys or human RANKL knock-in mice (huRANKL mice), in which exon 5 in mouse *rankl* was replaced with that in human *RANKL* ([@B24]). However, there were several abnormalities in huRANKL mice, including a decreased osteoclast number, increased trabecular bone mineral density (BMD), and a reduced osteoblast surface, compared with normal mice, and these abnormalities reduce the suitability of these mice for analysis of RANKL inhibition with an anti-RANKL-neutralizing Mab such as denosumab ([@B24]--[@B27]).

Parathyroid hormone (PTH) is the only bone anabolic agent that is currently used for treatment of osteoporosis in humans. The precise mechanisms through which PTH increases bone formation *in vivo* are unknown, but previous studies have shown that osteoclasts are required for the bone anabolic effect of PTH ([@B27], [@B28]). To investigate the effects of RANKL inhibition on bone mass and other features in normal mice, we prepared an anti-mouse RANKL-neutralizing Mab (OYC1) and established a novel mouse osteopetrotic model with high bone mass induced by administration of OYC1 to normal mice. In this study, we characterized OYC1 and established a method for long term neutralization of RANKL *in vivo* in normal mice, in which a single injection of OYC1 neutralized RANKL activity for 4 weeks. We examined the effect of OYC1 on bone mass and showed the utility of OYC1 for evaluating the bone anabolic effect of PTH.

EXPERIMENTAL PROCEDURES
=======================

### 

#### Reagents

Two hybridoma-producing mouse RANKL Mabs (clones OYC1 and OYC2) were subcloned from hybridoma kindly provided by Dr. Okumura (Juntendo University School of Medicine) and manufactured by Oriental Yeast Co. ([@B29]). Recombinant human OPG-Fc and mouse soluble RANKL (sRANKL) were purchased from R&D Systems. PTH(1--34) and calcein were purchased from Sigma. Other reagents were purchased from Nacalai Tesque, Inc. (Japan).

#### Bone Analysis in Mice Treated with mRANKL Mab (OYC1) in Vivo

Five-week-old female C57BL/6N mice were purchased from Charles River Inc. and acclimated for 1 week under standard laboratory conditions at 24 ± 2 °C and 40--70% humidity. Mice were treated according to the institutional ethical guidelines for animal experimentation and safety.

To establish the effect of the mRANKL Mabs on bone mass, the neutralizing antibody (OYC1) and non-neutralizing control antibody (OYC2) were administered intraperitoneally to 6-week-old female mice (*n* = 5) three times per week for 2 weeks. Calcein was injected twice subcutaneously for labeling on days 10 and 13. At 12 h after the last administration, femurs were extirpated and fixed with 70% ethanol.

To determine the suboptimal dose of OYC1 for increasing the BMD, various doses (0.5, 1, 1.5, 5, and 15 mg/kg) of OYC1 or vehicle (PBS) were injected subcutaneously in 6-week-old female mice (*n* = 5) once on day 0. Blood samples and both femurs were obtained on day 14, and the femurs were fixed with 70% ethanol.

To examine the time course of the effect of OYC1, 5 mg/kg OYC1 or PBS was administered subcutaneously to 6-week-old female mice (*n* = 5--6) on day 0. The mice were sacrificed on days 4, 7, 14, and 28, and sera and femurs were obtained on these days. To examine the early part of the time course in more detail, 5 mg/kg OYC1 or PBS was administered subcutaneously to 6-week-old female mice (*n* = 5--6) on day 0. The mice were sacrificed on days 1--4, and sera and femurs were obtained on these days.

To examine the utility of the RANKL-neutralizing model, we tested whether PTH could induce bone formation in OYC1-treated mice. OYC1 (5 mg/kg) or PBS was injected once in 6-week-old female mice (*n* = 5). After 4 days, PTH (160 μg/kg) or PBS was injected subcutaneously daily for 2 weeks in these mice. The mice treated with PTH after transient neutralization of RANKL with OYC1 were sacrificed on day 18, and sera, femurs, and tibias were collected.

#### Measurement of BMD

BMDs were determined in fixed right femurs by single energy x-ray absorptiometry (SXA, DCS-600EX; Aloka, Japan). The femurs were divided into 20 equal regions from distal (region 1) to proximal (region 20), and the BMD of each region was measured by SXA. In some experiments, BMD was measured by peripheral quantitative computed tomography (pQCT, XCT Research SA+, Stratec Medizintechnic, Pforzheim, Germany) using a voxel size of 0.08 × 0.08 × 0.46 mm. Image analysis was carried out using integrated XCT 2000 software version 6.00f. Total BMD at 0.8 or 1.0 mm from the growth plate is shown due to the marked increase of BMD after injection of OYC1. Cortical bone was defined based on BMD \>690 mg/cm^3^ at the femoral metaphysis. Cortical area (mm^2^), cortical thickness (mm), periosteal perimeter of the cortical bone (in mm), endosteal perimeter of the cortical bone (in mm), *x* axis strength-strain index (in mm^3^), *y* axis strength-strain index (in mm^3^), and polar strength-strain index (in mm^3^) were measured. Three-dimensional digital images of femurs were reconstructed by micro-CT analysis at 0.2--1.2 mm from the growth plate using a ScanXmate-A080 (Comscan Tecno). Analysis of micro-CT images was performed with TRI/3D-Bon (Ratoc System Engineering Co., Japan).

#### Histomorphometry

Fixed and undecalcified femurs were embedded in glycol methacrylate or methyl methacrylate and 3--5-μm sections in the proximal region and distal femoral metaphysis of each femur were cut longitudinally and stained with toluidine blue O. Some samples were stained by the Villanueva method. Histomorphometry was performed with an image analysis system (Ostoplan II, Carl Zeiss, New York) linked to a light microscope. Histomorphometric measurements were made at ×400 magnification in the secondary spongiosa area. The bone volume/tissue volume (BV/TV, %), trabecular bone thickness (Tb.Th, μm) osteoclast surface/bone surface (Oc.S/BS, %), eroded surface/bone surface (ES/BS, %), osteoclast number/bone surface (N.Oc/BS, 1/mm), osteoblast surface/bone surface (Ob.S/BS, %), osteoblast number/bone surface (N.Ob/BS, 1/mm), the mineral apposition rate (MAR, μm/day), bone formation rate/bone surface (BFR/BS, mm^3^/mm^2^/year) were calculated and expressed according to standard formulas and nomenclature ([@B30]). For TRAP staining, 3-μm sections in the proximal metaphysis of the undecalcified tibia were cut longitudinally and stained with TRAP.

#### Measurement of Biomarkers and OYC1 in Serum

Serum levels of calcium and ALP were measured according to the manufacturers\' instructions using a calcium C assay and a LabAssay ALP (Wako, Japan) (*p*-nitrophenyl phosphate (pNPP) assay), respectively. Serum mouse osteocalcin, TRAP-5b, and intact PTH were measured by enzyme-linked immunosorbent assay (ELISA) according to manufacturers\' instructions (Biomedical Technologies, MA; Immunodiagnostic Systems, AZ; and Immutopics, CA; respectively).

The serum level of OYC1 was measured by ELISA. Recombinant mRANKL was coated on an ELISA plate (Nunc) at 2.5 n[m,]{.smallcaps} and the serum antibody titer was detected by HRP-conjugated rat IgG2a (Zymed Laboratories Inc.). Each value was determined by absorbance at 450 nm using a microplate reader.

#### Statistical Analysis

Results are expressed as means ± S.D. for all data. Significance of differences was determined by ANOVA with a Dunnett\'s test or Student\'s *t* test. *p* \< 0.05 was considered significant.

RESULTS
=======

### 

#### Effect of Mouse RANKL Mabs (OYC1 and OYC2) in Vitro and in Vivo

To characterize the anti-mRANKL Mabs, OYC1 and OYC2, a binding assay was performed by direct ELISA. Both antibodies recognized recombinant mouse sRANKL (mRANKL), including the extracellular domain from Arg-72 to Asp-316 ([supplemental Fig. 1*A*](http://www.jbc.org/cgi/content/full/M111.246280/DC1)). Neither OYC1 nor OYC2 bound to mouse TRAIL (data not shown). OYC1 neutralized mRANKL-induced osteoclastogenesis in a dose-dependent manner. OYC1 (0.2 μg/ml) and human OPG-Fc (0.1 μg/ml) completely suppressed osteoclast formation induced by 5 n[m]{.smallcaps} mRANKL, but OYC2 did not do so ([supplemental Fig. 1*B*](http://www.jbc.org/cgi/content/full/M111.246280/DC1)). OYC1 did not bind to or inhibit human sRANKL (hRANKL, [supplemental Fig. 1*B*](http://www.jbc.org/cgi/content/full/M111.246280/DC1), and data not shown). Morphological examination of cells cultured in the presence of mRANKL with or without OYC1 confirmed the complete inhibition of formation of TRAP-positive multinucleated cells ([supplemental Fig. 1*C*](http://www.jbc.org/cgi/content/full/M111.246280/DC1)). These results indicate that OYC1 is a neutralizing Mab and OYC2 is a non-neutralizing Mab.

To investigate the effect of the Mabs *in vivo*, 15 mg/kg OYC1 or OYC2 or vehicle (PBS) were administered intraperitoneally to mice three times per week for 2 weeks ([Fig. 1](#F1){ref-type="fig"}*A*). OYC2 showed no effect on BMD in femurs of the treated mice, whereas OYC1 markedly increased the BMD, especially in the distal metaphysis, compared with OYC2 and vehicle. In contrast, OYC1 had little effect on BMD in the femoral diaphysis ([Fig. 1](#F1){ref-type="fig"}*A*). Photomicrographs of toluidine blue O staining of femurs of the OYC1-treated mice also indicated a marked increase in bone mass in the distal femoral metaphysis ([Fig. 1](#F1){ref-type="fig"}*B*). Histomorphometry revealed marked decreases in Oc.S/BS, N.Oc/BS, and ES/BS ([Fig. 1](#F1){ref-type="fig"}*C*) and also marked decreases in Ob.S/BS, MAR, and BFR/BS in the secondary trabecular area in femurs in OYC1-treated mice ([Fig. 1](#F1){ref-type="fig"}*C*). Because OYC2 exhibited no effect on bone mass ([Fig. 1](#F1){ref-type="fig"}, *A--C*), we used vehicle (PBS) as a negative control in the following experiments.

![**Effects of mRANKL monoclonal antibody OYC1 on BMD, bone structure, and bone histomorphometry in mice.** Female 6-week-old C57BL/6N mice (*n* = 5--6) were injected intraperitoneally (*i.p.*) with 15 mg/kg anti-mouse RANKL Mab OYC1 or OYC2 or PBS three times per week for 2 weeks. At 12 h after the last administration, femurs were extirpated and fixed with 70% ethanol. *A,* right femur was partitioned into 20 areas, and BMD of each part was measured by SXA. *B,* toluidine blue staining of the distal femoral metaphysis. *C,* histomorphometry was performed on undecalcified sections. Oc.S/BS, N.Oc/BS, ES/BS, Ob.S/BS, MAR. and BFR/BS were measured. *Bar,* 1 mm. Data are shown as the mean ± S.D. *a, p* \< 0.05; *b, p* \< 0.01 (ANOVA) *versus* PBS.](zbc0471182470001){#F1}

#### Optimization of Single Dose of OYC1 for Increasing Bone Mass in Mice

To establish a simple method for increasing bone mass, various doses (0.5, 1, 1.5, 5, and 15 mg/kg) of OYC1 were injected subcutaneously once in female mice, and femurs and sera were obtained for analysis after 2 weeks. SXA and pQCT analyses showed that the total BMD in the femurs was augmented significantly at doses of 5 and 15 mg/kg OYC1 ([Fig. 2](#F2){ref-type="fig"}*A* and data not shown). Micro-CT analysis of the femurs confirmed marked augmentation of bone mass at 5 and 15 mg/kg OYC1 ([Fig. 2](#F2){ref-type="fig"}*B*). Histomorphometric analysis of the distal femoral metaphysis in mice given 5 and 15 mg/kg OYC1 also showed significant decreases in Ob.S/BS, Oc.S/BS, N.Oc/BS, and ES/BS ([Fig. 2](#F2){ref-type="fig"}*C*). Consistent with these results, serum TRAP-5b and ALP decreased to similar levels at 5 and 15 mg/kg OYC1 ([Fig. 2](#F2){ref-type="fig"}*D*). There was no difference in the serum calcium concentration at any dose of OYC1 (data not shown). Pharmacokinetic studies showed rapid clearance of OYC1 at doses of 0.5 and 1.5 mg/kg but significantly higher serum concentrations of OYC1 of \>40 and \>100 μg/ml at 5 and 15 mg/kg, respectively ([Fig. 2](#F2){ref-type="fig"}*D*).

![**Suboptimal dose of OYC1 required to increase bone mass.** Various doses (0.5, 1, 1.5, 5, and 15 mg/kg) of OYC1 or PBS were injected subcutaneously (*s.c.*) in 6-week-old female mice once (*n* = 5). After 2 weeks, blood samples and femurs were collected, and the femurs were fixed with 70% ethanol. *A,* femoral trabecular bone mass was measured by SXA analysis. *B,* bone structure in the trabecular area was analyzed by micro-CT. *C,* femoral trabecular bone was measured by histomorphometry. Ob.S/BS, Oc.S/BS, N.Oc/BS, and ES/BS were measured in the PBS and OYC1 (5 and 15 mg/kg) groups. *D,* serum TRAP-5b, ALP, and OYC1 levels were measured by ELISA or pNPP assay. Data are shown as the mean ± S.D. *b*, *p* \< 0.01 (ANOVA) *versus* PBS.](zbc0471182470002){#F2}

Denosumab has been characterized as a drug with long term efficacy in clinical trials ([@B31]). The concentration of denosumab in serum remained high for a week after injection in hRANKL knock-in mice ([@B24]). To examine the duration of efficacy of OYC1, we examined the time course of the effects of OYC1 in mice by measuring total BMD, and the concentrations of serum TRAP-5b, ALP, and OYC1 between days 4 and 28 ([Fig. 3](#F3){ref-type="fig"}, *A--C*). OYC1 significantly elevated femoral total BMD in a time-dependent manner from days 4 to 28 after a single subcutaneous injection ([Fig. 3](#F3){ref-type="fig"}*A*). Expansion of the dense bone structure in the trabecular area was accompanied by augmentation of total BMD, which was sustained until day 28 ([Fig. 3](#F3){ref-type="fig"}, *A* and *B*). Surprisingly, the concentrations of OYC1 remained at \>50 μg/ml in serum until day 14 and at \>10 μg/ml until day 28 ([Fig. 3](#F3){ref-type="fig"}*C*). Maintenance of the high OYC1 concentration resulted in a continued increase in bone mass daily until day 28 ([Fig. 3](#F3){ref-type="fig"}, *A* and *B*). To confirm this long term effect of OYC1, biomarkers of bone turnover were examined. OYC1 markedly decreased serum TRAP-5b and ALP levels on day 4, and these levels then remained constant until day 28 ([Fig. 3](#F3){ref-type="fig"}*C*). Interestingly, the TRAP-5b level in the OYC1-treated mice was almost undetectable between days 4 and 28 ([Fig. 3](#F3){ref-type="fig"}*C*). In contrast, the ALP level in the treated mice was reduced to half the level of the vehicle between days 4 and 28 ([Fig. 3](#F3){ref-type="fig"}*C*).

![**Time course of the effect of OYC1 on bone mass (days 4 to 28).** *A,* OYC1 (5 mg/kg) was administered subcutaneously (*s.c.*) to 6-week-old female mice (*n* = 5--6) on day 0. The mice were sacrificed on days 4, 7, 14, and 28. Total BMD in femurs was measured by SXA analysis. *B,* bone structure in the trabecular area was analyzed by micro-CT. *C,* serum TRAP-5b, ALP, and OYC1 levels were measured by ELISA or pNPP assay. Data are shown as the mean ± S.D. *a*, *p* \< 0.05; *c, p* \< 0.001 *versus* PBS (Student\'s *t* test); *b, p* \< 0.01 (ANOVA) *versus* value on day 0.](zbc0471182470003){#F3}

To examine the time course of the effects of OYC1 in more detail in the early period, sera and femurs were collected on days 1--4. Analyses showed that OYC1 significantly increased total BMD in the trabecular area on day 2 and then increased BMD in a time-dependent manner, consistent with micro-CT imaging data ([Fig. 4](#F4){ref-type="fig"}*B*). Surprisingly, a marked decrease of serum TRAP-5b was observed on day 1, with no change in ALP apparent on day 1 ([Fig. 4](#F4){ref-type="fig"}*C*). The significant decrease of ALP following that of TRAP-5b indicated down-regulation of bone turnover. Concentrations of OYC1 in serum declined from day 1 to day 4 but were still \>90 μg/ml on day 4 ([Fig. 4](#F4){ref-type="fig"}*C*). To investigate whether the serum TRAP-5b level reflected the conditions of osteoclasts, histological sections of the trabecular bone in tibia of the OYC1-treated mice were stained for TRAP ([Fig. 4](#F4){ref-type="fig"}*D*). Consistent with the decrease in serum TRAP-5b, there were less TRAP-positive cells (osteoclasts) in the trabecular bone in the OYC1-treated mice on day 1, and only a few osteoclasts were observed in the trabecular bone on day 4.

![**Time course of the effect of OYC1 on bone mass (days 1 to 4).** *A,* OYC1 (5 mg/kg) was administered subcutaneously to 6-week-old female mice (*n* = 5--6) on day 0, and mice were sacrificed on days 1--4. Total BMD was measured by pQCT at 1.0 mm from the distal femoral growth plate. *B,* bone structure in the trabecular area was analyzed by micro-CT. *C,* serum TRAP-5b, ALP, and OYC1 levels were measured by ELISA or pNPP assay. *D,* TRAP staining of undecalcified sections of tibia in OYC1-treated mice are shown on the *left* (*bar,* 100 μm). and high power fields are shown on the *right* (*bar,* 100 μm). Data are shown as the mean ± S.D. *a, p* \< 0.05; *b, p* \< 0.01 (ANOVA) *versus* value on day 0.](zbc0471182470004){#F4}

#### Anabolic Effect of PTH on Trabecular and Cortical Bones in OYC1-treated Mice

Optimization of the dose and time course effects of OYC1 was performed with the goal of establishing a method for making an osteoclast-depleted mouse model. The above results indicate that single administration of 5 mg/kg OYC1 is suitable for depletion of osteoclasts from days 4 to 28. To examine the bone anabolic effect of PTH in the osteoclast-depleted mice, PTH was injected daily for 2 weeks into mice that had been treated with OYC1 for 4 days. pQCT analysis revealed that administration of PTH and OYC1 increased the total BMD in trabecular bone independently and synergistically (PBS, 465 ± 24; PTH, 607 ± 8; OYC1, 634 ± 40; PTH + OYC1, 719 ± 14 mg/cm^3^) ([Fig. 5](#F5){ref-type="fig"}*A*). In contrast, the total BMD in cortical bone was augmented in the PTH groups (PTH and PTH + OYC1) but not with OYC1 treatment alone (PBS, 981 ± 7; PTH, 1001 ± 7; OYC1, 978 ± 17; PTH + OYC1, 1013 ± 15 mg/cm^3^) ([Fig. 5](#F5){ref-type="fig"}*B*). The robust depletion of osteoclasts did not affect the anabolic effect of PTH on trabecular and cortical bones. PTH and OYC1 also tended to increase the cortical area, cortical thickness, and polar-SSI, indicating a synergistic effect on bone strength ([Table 1](#T1){ref-type="table"}). Micro-CT images confirmed the marked increases in trabecular bone mass in mice treated with PTH or OYC1 alone and the synergistic increase with treatment with PTH + OYC1 ([Fig. 5](#F5){ref-type="fig"}*C*).

![**Evaluation of PTH in osteoclast-depleted mice pretreated with OYC1.** OYC1 (5 mg/kg) or PBS was administered subcutaneously to 6-week-old female mice (*n* = 5) on day 0 and PTH (160 μg/kg) or PBS was injected subcutaneously daily from days 4 to 17. Femurs and sera were obtained on day 18. *A,* total BMD was measured by pQCT at 0.8 mm from the distal femoral growth plate. *B,* cortical BMD in the femoral diaphysis was measured by pQCT. *C,* bone structure in the secondary trabecular area was analyzed by micro-CT. *D,* histological data were obtained under fluorescent light, natural light, and polarization using undecalcified sections of each group. Each *arrowhead* indicated labeled thickness (*blue*); osteoblasts (*yellow*); and osteoclasts (*red*). *MAR,* mineral apposition rate; *BMU,* basic multicellular unit. *Bar,* 50 μm. *E,* serum TRAP-5b, osteocalcin, and intact PTH were measured by ELISA. Serum ALP was measured by pNPP assay. Data are shown as the mean ± S.D. *a*, *p* \< 0.05; *b, p* \< 0.01 (ANOVA) *versus* PBS.](zbc0471182470005){#F5}

###### 

**Effects of PTH, OYC1, and PTH + OYC1 on cortical bone indices in treated mice**

The following abbreviations are used: PERI, periosteal perimeter of the cortical bone; ENDO, endosteal perimeter of the cortical bone; X-SSI, *x* axis strength-strain index; Y-SSI, *y* axis strength-strain index; Polar-SSI, polar strength-strain index.

                       PBS                   PTH                                                       OYC1                                                      PTH + OYC1
  -------------------- --------------------- --------------------------------------------------------- --------------------------------------------------------- ---------------------------------------------------------
  Cortical area        0.665 ± 0.016 mm^2^   0.752 ± 0.028 mm^2^[*^a^*](#TF1-1){ref-type="table-fn"}   0.700 ± 0.040 mm^2^[*^b^*](#TF1-2){ref-type="table-fn"}   0.778 ± 0.021 mm^2^[*^a^*](#TF1-1){ref-type="table-fn"}
  Cortical thickness   0.314 ± 0.012 mm      0.326 ± 0.007 mm                                          0.322 ± 0.004 mm                                          0.335 ± 0.013 mm [*^a^*](#TF1-1){ref-type="table-fn"}
  PERI                 4.707 ± 0.138 mm      4.827 ± 0.109 mm                                          4.800 ± 0.113 mm                                          4.800 ± 0.113 mm
  ENDO                 3.027 ± 0.060 mm      2.987 ± 0.180 mm                                          3.107 ± 0.106 mm                                          3.000 ± 0.166 mm
  X-SSI                0.173 ± 0.011 mm^3^   0.189 ± 0.010 mm^3^                                       0.181 ± 0.016 mm^3^                                       0.197 ± 0.014 mm^3^[*^b^*](#TF1-2){ref-type="table-fn"}
  Y-SSI                0.214 ± 0.018 mm^3^   0.238 ± 0.021 mm^3^[*^b^*](#TF1-2){ref-type="table-fn"}   0.220 ± 0.013 mm^3^                                       0.246 ± 0.011 mm^3^[*^a^*](#TF1-1){ref-type="table-fn"}
  Polar-SSI            0.315 ± 0.021 mm^3^   0.355 ± 0.024 mm^3^[*^b^*](#TF1-2){ref-type="table-fn"}   0.332 ± 0.025 mm^3^                                       0.367 ± 0.020 mm^3^[*^a^*](#TF1-1){ref-type="table-fn"}

*^a^ p* \< 0.01 *versus* PBS (ANOVA).

*^b^ p* \< 0.05 *versus* PBS (ANOVA).

To investigate the mechanisms by which PTH increased bone mass in OYC1-treated mice, bone histomorphometrical analysis was carried out ([Table 2](#T2){ref-type="table"}). Administration of PTH or OYC1 significantly increased BV/TV and Tb.Th. PTH alone significantly increased osteoblast parameters such as N.Ob/BS, Ob.S/BS, MAR, and BFR/BS. In contrast, OYC1 alone significantly decreased osteoclast parameters such as N.Oc/BS, Oc.S/BS, and ES/BS to almost zero with significant reduction of osteoblast parameters such as N.Ob/BS, Ob.S/BS, MAR, and BFR/BS. Administration of PTH to OYC1-treated mice significantly augmented Tb.Th, N.Ob/BS, Ob.S/BS, MAR, and BFR/BS compared with OYC1-treated mice. PTH treatment did not change any osteoclast parameters in normal and OYC1-treated mice. Only ES/BS was slightly reduced by PTH treatment in normal mice.

###### 

**Effects of PTH, OYC1, and PTH + OYC1 on trabecular bone indices in treated mice**

            PBS                            PTH                                                                OYC1                                                               PTH + OYC1
  --------- ------------------------------ ------------------------------------------------------------------ ------------------------------------------------------------------ ---------------------------------------------------------------------------------------------------
  BV/TV     7.14 ± 1.45%                   17.97 ± 6.51%[*^a^*](#TF2-1){ref-type="table-fn"}                  15.11 ± 2.08%[*^a^*](#TF2-1){ref-type="table-fn"}                  23.68 ± 1.78%[*^a^*](#TF2-1){ref-type="table-fn"}
  Tb.Th     25.4 ± 2.62 μm                 34.17 ± 2.06 μm[*^a^*](#TF2-1){ref-type="table-fn"}                32.82 ± 1.71 μm[*^a^*](#TF2-1){ref-type="table-fn"}                44.08 ± 2.41 μm*^[a](#TF2-1){ref-type="table-fn"},[b](#TF2-2){ref-type="table-fn"}^*
  N.Oc/BS   3.42 ± 0.39 1/mm               3.47 ± 1.48 1/mm                                                   0.05 ± 0.07 1/mm[*^a^*](#TF2-1){ref-type="table-fn"}               0.00 ± 0.00[*^a^*](#TF2-1){ref-type="table-fn"}
  N.Ob/BS   30.11 ± 8.95 1/mm              63.09 ± 4.32 1/mm[*^a^*](#TF2-1){ref-type="table-fn"}              11.13 ± 3.43 1/mm[*^a^*](#TF2-1){ref-type="table-fn"}              22.07 ± 3.27 1/mm*^[c](#TF2-3){ref-type="table-fn"},[d](#TF2-4){ref-type="table-fn"}^*
  Oc.S/BS   10.69 ± 2.45%                  9.24 ± 3.61%                                                       0.07 ± 0.11%[*^a^*](#TF2-1){ref-type="table-fn"}                   0.00 ± 0.00%[*^a^*](#TF2-1){ref-type="table-fn"}
  Ob.S/BS   37.41 ± 9.04%                  53.75 ± 5.28%[*^a^*](#TF2-1){ref-type="table-fn"}                  12.81 ± 3.44%[*^a^*](#TF2-1){ref-type="table-fn"}                  26.67 ± 3.67%*^[a](#TF2-1){ref-type="table-fn"},[b](#TF2-2){ref-type="table-fn"}^*
  ES/BS     37.41 ± 4.50%                  28.93 ± 5.27%[*^a^*](#TF2-1){ref-type="table-fn"}                  0.18 ± 0.22%[*^a^*](#TF2-1){ref-type="table-fn"}                   0.21 ± 0.33%[*^a^*](#TF2-1){ref-type="table-fn"}
  MAR       3.23 ± 0.14 μm/day             5.79 ± 0.33 μm/day[*^a^*](#TF2-1){ref-type="table-fn"}             1.38 ± 0.19 μm/day[*^a^*](#TF2-1){ref-type="table-fn"}             2.14 ± 0.11 μm/day*^[a](#TF2-1){ref-type="table-fn"},[b](#TF2-2){ref-type="table-fn"}^*
  BFR/BS    0.53 ± 0.04 mm^3^/mm^2^/year   0.98 ± 0.13 mm^3^/mm^2^/year[*^a^*](#TF2-1){ref-type="table-fn"}   0.08 ± 0.02 mm^3^/mm^2^/year[*^a^*](#TF2-1){ref-type="table-fn"}   0.41 ± 0.03 mm^3^/mm^2^/year*^[a](#TF2-1){ref-type="table-fn"},[b](#TF2-2){ref-type="table-fn"}^*

*^a^ p* \< 0.01 *versus* PBS (ANOVA).

*^b^ p* \< 0.01 *versus* OYC1 (ANOVA).

*^c^ p* \< 0.05 *versus* PBS (ANOVA).

*^d^ p* \< 0.05 *versus* OYC1 (ANOVA).

Histological analysis showed that labeled thickness increased in the PTH-treated groups (PTH *versus* PBS; PTH + OYC1 *versus* OYC1). Histological analysis also revealed that osteoblasts in the PTH-treated groups (PTH and PTH + OYC1) showed mature cuboidal morphology, but the cells in the PTH-untreated groups (PBS and OYC1) did inactivate flat morphology ([Fig. 5](#F5){ref-type="fig"}*D*). PTH treatment also changed the morphology and size of osteocytes and bone lacuna in normal and OYC1-treated mice. In addition, polarization microscopy confirmed that PTH stimulated new bone formation ([Fig. 5](#F5){ref-type="fig"}*D*). Although PTH activated osteoclasts in normal mice, pretreatment of the mice with OYC1 depleted osteoclasts almost perfectly even after the PTH treatment ([Table 2](#T2){ref-type="table"} and [Fig. 5](#F5){ref-type="fig"}*D*).

To confirm the anabolic effect of PTH in OYC1-treated mice, biomarkers of bone turnover were examined ([Fig. 5](#F5){ref-type="fig"}*E*). As shown in [Fig. 3](#F3){ref-type="fig"}*C*, OYC1 markedly reduced serum TRAP-5b and ALP levels but did not change osteocalcin level. In contrast, PTH significantly increased TRAP-5b and osteocalcin levels but showed no effect on ALP level. Administration of PTH to OYC1-treated mice increased osteocalcin level without affecting TRAP-5b and ALP levels. OYC1 treatment inhibited the PTH-induced elevation in TRAP-5b and reduced the level to almost zero, comparable with treatment with OYC1 alone. Serum intact PTH level was measured to investigate the possible mechanisms of PTH and/or OYC1 treatment. OYC1 slightly reduced intact PTH level, but PTH showed no effect.

DISCUSSION
==========

In this study, we established a method for rapid depletion of osteoclasts in mice by strong inhibition of RANKL activities with a single subcutaneous injection of an anti-mouse RANKL-neutralizing Mab, OYC1. There are several important characteristics of OYC1 that induce osteopetrotic high bone mass in mice. First, OYC1 is specific to mouse RANKL, because it binds to and neutralizes mRANKL but not hRANKL and TRAIL, which are recognized by OPG. Thus, the effects of RANKL inhibition by OYC1 and the therapeutic effects of denosumab can be studied in normal mice. This avoids using huRANKL mice, which have abnormalities such as decreased osteoclasts and increased trabecular bone mass compared with normal mice ([@B24]--[@B27]). OYC1 may also be useful for investigation of the effect of specific RANKL inhibition on bone metastasis by cancer cells, because many cancer cells are TRAIL-sensitive. In previous studies, OPG may have partly prevented bone metastasis by inhibition of TRAIL activity, even if RANKL was the major target of OPG ([@B21], [@B22]).

Second, OYC1 treatment markedly reduced bone turnover. In histomorphometric analysis of femurs in OYC1-treated mice, we observed marked decreases in Oc.S/BS, N.Oc/BS, and ES/BS, indicating reduced osteoclast activities. Marked decreases in Ob.S/BS, MAR, and BFR were also observed in these mice, indicating reduced osteoblast activities. Although OYC1 inhibited both activities, osteoblasts seemed to play a dominant role in the skeletal phenotype of increased bone mass in the OYC1-treated mice. These results are consistent with previous reports showing that denosumab reduced bone turnover in huRANKL mice ([@B24], [@B27]). The reduction of osteoblast activities in OYC1-treated mice suggests that OYC1 suppresses coupling between bone resorption and formation by inhibiting osteoclast activities, because OYC1 did not directly affect osteoblasts (data not shown).

Third, a single subcutaneous injection of 5 mg/kg OYC1 was sufficient to increase bone mass. OYC1 had no effect at doses \<1.5 mg/kg, whereas the highest dose tested (15 mg/kg) gave the best results in all tests, especially in micro-CT images. However, most of the data at 15 mg/kg OYC1 were comparable with those at 5 mg/kg. The serum OYC1 concentration 2 weeks after injection of 15 mg/kg OYC1 was twice as high as that after injection of 5 mg/kg, but the sustained OYC1 concentration (∼50 μg/ml) at 5 mg/kg was high enough to increase bone mass. The serum ALP level in mice treated with 15 mg/kg OYC1 was almost half that in controls. The measured ALP activity reflects ALP from bone, placenta, intestine, kidney, and liver. The reduced ALP was probably mainly derived from bone, because RANKL functions in placenta, intestine, kidney, and liver are unknown. The reduction of the ALP level accompanied with that of TRAP-5b in OYC1-treated mice indicated coupling between bone resorption and formation.

Fourth, a single injection of 5 mg/kg OYC1 exhibited rapid and long lasting (from days 2 to 28) effects on bone mass. Bone mass increased for 4 weeks after injection of OYC1. Surprisingly, the serum OYC1 concentration 4 weeks after the injection was about 10 μg/ml. Consistent with a previous report ([@B24]), maintenance of the OYC1 concentration over 10 μg/ml was required for efficient neutralization of RANKL *in vivo*. The marked decreases of serum TRAP-5b and ALP from days 4 to 28 also demonstrated that the effect of OYC1 lasted for up to 28 days. The pharmacokinetics of 5 mg/kg OPG were similar to those of OYC1 *in vivo*, but OPG was unable to suppress Oc.S/BS, even at a serum concentration of OPG at 30 μg/ml 10 days after injection ([@B19]). Results in clinical tests show a long circulating half-life of denosumab ([@B31]). Therefore, OYC1 may be a good surrogate for denosumab for impairment of RANKL activities in normal mice. Most experiments were carried out with 6-week-old young growing mice. When 16-week-old mice were injected once with 5 mg/kg OYC1, the antibody was detected in serum 2 weeks after the injection but undetected 4 weeks after the injection (data not shown). The effect of OYC1 on the increase in BMD was significant but weak (data not shown). It may be necessary to inject OYC1 once per week or so when aged mice were used.

In short term experiments, an increase in total BMD in OYC1-treated mice was evident on day 2, and BMD and bone mass increased up to day 4. A marked reduction in the serum TRAP-5b level was observed on day 1 in OYC1-treated mice, with a 1-day delay in the decrease of serum ALP after the TRAP-5b decrease. These observations suggest that a rapid inhibitory effect of OYC1 on osteoclasts resulted in reduction of osteoblast activities. It was notable that it took 1 day to control the coupling, with a reduction in bone formation occurring after that in bone resorption. Therefore, osteoclasts may play an important role in the coupling. There were few osteoclasts in the OYC1-treated mice on days 4, 14, and 18, and the marked decrease in serum TRAP-5b level was maintained from day 1 to day 28, indicating that the OYC1-treated mouse is a good model of osteoclast depletion.

To make use of the osteoclast-depletion model, we investigated the mechanism of the bone anabolic effect of PTH. The observation that PTH increased BMD in trabecular and cortical bone in OYC1-treated mice with few osteoclasts suggests that PTH does not require osteoclasts to exert its bone anabolic effect. In addition, OYC1 and PTH increased femoral BMD in trabecular bone independently and synergistically, indicating possible coordination of inhibition of osteoclast activities and stimulation of osteoblast activities in the treated mice. Furthermore, PTH exerted an anabolic effect on cortical bone in OYC1-treated mice, indicating that OYC1 did not blunt the bone anabolic activity of PTH. The significant increases in Tb.Th, BFR/BS, MAR, N.Ob/BS, and Ob.S/BS by administration of PTH in OYC1-treated mice with few osteoclasts strongly suggested that PTH increased bone mass by stimulating bone formation without affecting osteoclasts. The morphological changes in osteoblasts and osteocytes with PTH in OYC1-treated mice also confirmed PTH activated both cell types without affecting osteoclasts. Although PTH failed to increase serum ALP level, it showed a strong tendency to augment serum osteocalcin level in the osteoclast-depleted mice. In our experiences, administration of PTH to mice did not increase serum ALP levels. Therefore, ALP may not be a good marker of activated mouse osteoblasts with PTH.

A study by Pierroz *et al.* ([@B27]) of the effect of combination of PTH and denosumab in ovariectomized huRANKL mice showed no anabolic effect of PTH on bone mass in the lumbar spine, femoral shaft BMD, vertebral and distal femur BV/TVs, and vertebral and distal femur cortical widths in denosumab-treated mice. The different results obtained in this study may be due to differences in the experimental conditions (huRANKL mice *versus* normal mice), operation (ovariectomized *versus* no treatment), antibodies (anti-human *versus* anti-mouse), doses (10 *versus* 5 mg/kg), and period (4 weeks *versus* 4 days in pretreatment and 4 weeks *versus* 2 weeks in simultaneous treatment with PTH). In addition, huRANKL mice exhibit abnormalities such as a reduced osteoclast number and osteoblast surface compared with normal mice. We also note that Kostenuik *et al.* ([@B32]) observed an additive effects of OPG and PTH on bone density and bone strength.

We observed very few osteoclasts in mice treated with OYC1 for 4 days before PTH treatment. The decrease in the serum TRAP-5b level in mice treated with PTH and OYC1 indicated that PTH increases bone mass without activation of osteoclastogenesis in OYC1-treated mice, although PTH did activate osteoclastogenesis in normal mice. The OYC1 osteoclast-depletion mouse model was useful for investigation of the bone anabolic mechanism of PTH. The synergistic effect of OYC1 and PTH on the increase in bone mass suggests a potential use of a combination of denosumab and PTH in treatment of severe osteoporosis in humans.
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